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Two-dimensional  (2D)  multi-wavelength  vertical  cavity  surface  emitting  laser  (VCSEL) 
arrays  is  promising  for  ultrahigh  aggregate  capacity  optical  networks.  A  2D  VCSEL 
array  emitting  140  distinct  wavelengths  was  reported  by  implementing  a  spatially  graded 
layer  in  the  VCSEL  structure,  which  in  turn  creates  a  wavelength  spread.  In  this 
program,  we  (xmcentrated  <m  novel  ejntaxial  growth  techniques  to  make  reproducible  and 
repeatable  multi-wavelength  VCSEL  arrays.  Our  approach  to  fabricate  the  spatially 
graded  layer  involves  creating  a  nonuniform  substrate  surface  temperature  across  the 
wafer  during  tire  growth  of  the  cavity  spa^r  region  using  the  fact  that  the  molecular 
beam  emtaxy  (MBE)  growth  of  OaAs  is  highly  sensitive  to  the  substrate  teniperature. 
We  successfully  demonstrated  a  periodically  chirped  vertical  cavity  with  8  nm 
wavelength  shift  <mi  a  substrate  with  a  3  mm  period  pattern-induced  temperature  g^ient. 
We  also  built  a  reflectivity  measurement  iq^iaratus  that  is  capable  of  mapping  a  2"  wafer 
for  rfiagiMvaing  OUT  wafers.  In  this  final  12-month  report,  we  present  our  experimental 
results  and  a  discussion  on  future  directions. 
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A.  INTRODUCTION 

The  goal  of  this  project  was  to  explored  novel  epitaxial  growth  techniques  that  can  result 
in  the  growth  of  a  GaAlAs  layer  with  a  controlled  and  periodic  thickness  gradient.  Such 
periodically  graded  layer  is  the  key  to  the  fabrication  of  two-dimensional  (2D)  multi-wavelength 
vertical  cavity  surface  emitting  laser  (VCSEL)  arrays  [1]  with  repeatable  and  reproducible 
wavelength  spans.  Multi-wavelength  VCSEL  array  is  promising  for  ultrahigh  aggregate  capacity 
optical  communications  and  interconnects  with  the  use  of  wavelength-division-multiplexing 
(WDM).  Specifically,  2D  multi-wavelength  VCSEL  array  can  play  a  major  role  as  a  highly  cost- 
effective  optical  source  for  achieving  ultrahigh  aggregate  bandwidth  (Tera  Hertz)  optical 
communications  and  interconnects  using  wavelength  division  multiplexing  (WDM).  For 
example,  such  ultrahigh  bandwidth  communications  will  be  panicularly  promising  for 
interconnecting  all  computers  and  instruments  within  aircraft,  battleships,  aircraft  carriers,  and 
any  moving  vehicles.  Major  advantages  include  cost-effectiveness  (as  compared  with  other 
diode  lasers,  e.g..  DFB  lasers),  light  weight,  and  free  of  interferences  (as  compared  with 
electronics). 

Our  approach  to  fabricate  the  spadally  graded  layer  involves  creating  a  tapered  substrate 
surface  temperature  across  the  wafer  during  the  growth  of  the  cavity  spacer  region.  Using  the 
fact  that,  during  an  molecular  beam  epitaxy  (MBE)  crystal  growth,  the  GaAs  growth  rate  is 
highly  sensitive  to  the  substrate  temperature  above  650’C  [2-3).  We  first  began  with  a 
calculation  of  the  surface  temperature  distribution  for  a  wafer  with  periodic  heating  elements  on 
its  bottom  side.  This  calculation  then  guided  us  towards  the  optimum  growth  conditions. 
Vertical  cavity  structure  was  grown  on  substrates  with  various  etching  and  mounting 
preparations,  which  are  used  to  create  the  periodic  heating  conditions  on  the  back  of  the 
substrate.  The  Fabry-Perot  (FP)  wavelength  of  the  vertical  cavity  structure  is  thereafter 
measured  and  mapped  using  a  home-built  automated  reflectivity  spectra  measurement  apparatus. 

Among  various  wafer  preparations,  we  found  that  it  is  most  effective  with  the  use  a 
patterned  backing  substrate  bonded  to  the  growth  substrate.  We  demonstrated  an  8  nm  shift  in 
the  FP  wavelength  with  a  3  mm  period  pattern.  This  is  to  our  knowledge  the  rirst  such 
demonstration.  We  are  continuing  to  experiment  with  growth  parameters  to  produce  larger 
wavelength  shifts  over  smaller  periods.  In  this  report,  we  present  our  results,  and  a  discussion  of 
the  impact  of  this  research  and  future  applications. 

B.  SUMMARY  OF  PRINCIPAL  ACCOMPLISHMENTS 
1.  Modeling 

1.1  Cavity  Design 
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The  test  structure  we  grew  typically  consists  of  a  passive  GaAs  cavity  with  Bragg 
reflectors  (lO.S  pairs  on  the  substrate  side  and  8  pairs  on  the  top)  consisting  of  quaner-wave 
AlAs/GaAs  layers  designed  at  950  nm.  Since  we  are  interested  to  establish  a  growth  method,  the 
simplified  passive  vertical  cavity  is  used  rather  than  the  more  time-consuming  VCSEL  structure. 
As  mentioned  before,  the  graded  layer  is  to  be  used  to  control  the  lasing  wavelength  of  a  VCSEL 
without  any  compromise  in  the  reflectivities  of  the  distributed  Bragg  reflectors  (DBR).  Thus,  it 
is  highly  important  to  be  able  to  only  grow  the  cavity  layer  with  a  gradient  while  keeping  the  rest 
of  the  vertical  cavity  structure  uniform.  This  can  be  done  by  realizing  that  the  GaAs  growth  rate 
is  a  strongly  decreasing  function  of  temperature  above  substrate  temperatures  of  640  C  [2]. 
Thus,  both  DBRs  should  be  grown  at  a  substrate  temperature  lower  than  640  C  (~600  C)  and  the 
cavity  is  grown  at  higher  temperature  (~  700  C). 

Figure  1  shows  the  calculated  reflectance  spectra  of  a  passive  Fabry-Perot  (FP)  cavity 
with  its  central  GaAs  layer  thicknesses  being  240  nm,  which  is  the  standard  design  of  one- 
wavelength  thick,  and  300  nm.  which  is  25%  thicker  than  the  standard.  This  calculation  gives  a 
realistic  estimate  of  the  FP  mode  shift  we  can  achieve  across  the  wafer.  For  a  25%  growth  rate 
variation  we  can  expect  a  lasing  wavelength  difference  of  over  50  nm.  The  question  that  remains 
is  how  sharp  of  a  temperature  proHle  we  can  expect  to  achieve,  which  will  determine  the 
minimum  spacing  of  the  devices.  In  the  next  section  we  estimate  the  temperature  profile  along 
the  wafer  surface  given  a  temperature  gradient  on  the  back  side. 


X 

Fig.  1  The  calculated  reflectivity  ^ctrum  of  a  passive  Fabiy-Peiot  cavity  with  cavity 
tiucknesses  of  240  nm  (dashed  line)  and  300  nm  (solid  line). 

O  Estimate  of  Surface  Temperature 
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We  use  the  foltowing  single  model  to  estimate  the  surface  temperature  profile.  Given  a 
temperature  profile  on  the  back  side  of  the  wafer  one  can  calculate  the  temperature  profile  at  the 
substrate  surface  by  solving  the  steady  state  heat  equation 

AT(x,y,z)«0 

where  A  is  the  Laplacian  operator  with  appropriate  boundary  conditions.  It  is  the  surface 
temperature  that  will  determine  the  GaAs  growth  rate.  As  a  first  order  approximation  in  one 
dimension,  we  consider  an  infinitely  thick  wafer  with  fixed  temperature  boundary  conditions  on 
the  back  side  given  by 

T(x,0)-T2  for  IxI<U2 

T(x,0)  »Ti  for  lxl>L/2 

This  problem  can  be  solved  analytically  using  conformal  mapping  techniques  [4],  and  the 
solution  is 

T(x,y) »  Ti  +  (fiT/x)  Aictan{Ly/[x2  +  y2 .  (U2)2] ) 

The  result  of  this  calculation  is  shown  in  Figure  2.  As  we  move  away  from  the  x  axis, 
i.e.  increasing  y,  the  temperature  profile  smears  out  For  y  =L/2,  the  maximum  difference  in 
temperature  along  x  is  (xily  40  %  of  the  difference,  5T,  on  the  back  side.  We  can  expect  to  see 
the  effects  of  spatial  temperature  variations  on  the  surface  for  features  of  die  same  order  or  larger 
than  die  substrate  diickness. 
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Hg.2.  Calculated  temperature  profile  akxigx  for  various  distances  from  they  axis.  The 
temperature  axis  is  scaled  by  dT  and  offset  byTlandthexandy  values  are  in  units  of 

U2. 

2.  Experimental  Progress 

2.1  Low-Threshold  Edge  Emitting  Lasers 
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Before  attempting  to  grow  VCSEL  laser  structures,  it  is  necessary  to  evaluate  the  quality 
of  the  material  grown  in  the  MBE  system.  We  use  the  threshold  current  density  of  100  pm  wide 
broad  area  edge  emitting  lasers  as  a  test  of  the  material  quality.  We  have  grown  and  fabricated  a 
InGaAs  strained  quantum  well  graded-index  separate-confinement-heterostructure  (GRIN-SCH) 
laser  structure  [5]  with  very  low  threshold  current  densities  of  -200  A/cm^.  This  is  very 
comparable  to  the  best  reported  values  for  short  cavity  lengths  (-500  pm). 

2.2  Wafer-Scale  Reflectivity  Spectra  Measurement  System 

We  completed  the  construction  of  a  wafer-scale  reflectivity  spectra  measurement 
apparatus  (see  Fig.  3)  for  the  characterization  of  the  passive  cavity  test  structures.  The 
reflectometry  measurement  system  can  measure  the  Fabry  Perot  wavelengths  across  a  2"  wafer. 
The  spatial  resolution  of  this  system  is  determined  to  be  as  small  as  100  pm.  This  system  can 
automatically  scan  across  the  wafer,  store  the  reflectance  spectrum,  and  find  the  cavity  mode  at 
each  point  for  an  arbitrary  grid  size. 
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Fig.  3.  Schematic  of  our  reflectivity  measurement  apparatus 


23  Patterned-Substrate  MBE  Growth  of  VCSEL  Cavity 

We  grew  15  wafers  of  the  test  structure  described  earlier  with  various  substrate  backings 
and  substrate  temperatures  to  establish  the  proper  growth  conditions.  The  substrate  heating 
mechanism  of  the  particular  MBE  system  we  are  using  is  done  by  radiative  heating  from  a 
fllament.  This  is  different  form  what  is  used  in  ref.  3.  Hence,  the  methods  we  are  investigating 

to  create  the  temperature-dependent  growth  patterns  are  substantially  different.  Fig.  4  shows  the 
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various  growth  conditimis  we  used  including  (a)  substrate  backed  with  a  Si  wafer  having  etched 
through  holes,  (b)  substrate  backed  with  a  GaAs  wafer  having  etched  through  holes,  and  (c) 
substrate  backed  with  a  GaAs  substrate  with  etched  grooves.  The  pattern  sizes  we  have 
experimented  range  from  100  iim  to  3  mm  in  size  and  the  etched  grooves  are  typically  200  p.m 
deep.  Two  GaAs  wafer  thicknesses,  500  jam  and  200  }xm,  were  also  experimented. 

GaAs  Substrate 

Pattemed-Si 
Backing  >Mtfer 
with  thru  holes 

RF  heater 

GaAs  Substrate 

Pattemed-GaAs 
Backing  Whfer 
with  thru  holes 

pSWOTTOTTi 

RF  heater 
(b) 


(a) 


GaAs  Substrate 

Pattemed-GaAs 
Backing  l^^r 
with  deep  grooves 


'  RF  heater  I 


(c) 


Fig.  4  Schematic  of  the  various  growth  conditions  we  are  investigating  to  induce  a 
periodic  growth  variation  on  the  wafer,  including  (a)  substrate  backed  with  a  Si  wafer 
having  etched  throu^  holes,  (b)  substrate  backed  witti  a  Ga  wafer  having  etched  through 
holes,  and  (c)  substrate  backed  with  a  GaAs  substrate  with  etched  grooves.  The  substrate 
heating  mechanism  of  diis  paiticular  system  is  done  by  radiative  heating  from  a  filamenL 
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All  our  earlier  attempts  were  in  vain  and  no  pattern-induced  FP  shift  was  observed. 
Various  diagnostic  measurements  were  done,  which  led  us  to  conclude  that  method  (c)  would  be 
most  promising  provided  a  good  thermal  contact  is  attained  between  the  backing  wafer  and  the 
growth  wafer.  We  then  use  In  as  a  solder  to  bond  the  backing  and  growth  wafers,  as  shown  in 
Fig.  5.  Indeed  a  pattern-induced  period  FP  shift  was  achieved.  Fig.  6  shows  the  FP  wavelength 
as  a  function  of  position  for  a  wafer  with  a  backing  with  3  mm  period  patterns.  A  significant 
shift  of  8  nm  having  a  3  mm  period  is  obtained.  A  2D  contour  plot  for  the  Fabry-Perot  mode 
wavelength  is  shown  in  Fig.  7.  The  periodic  wavelength  shift  is  more  clearly  seen  here.  The 
nonuniformity  is,  however,  due  to  the  difficulty  in  making  good  thermal  contact  with  the  indium 
bond.  Figure  8  shows  the  measured  reflectivity  spectra  at  various  positions.  We  see  that 
although  the  FP  cavity  mode  shifts  significantly,  the  stop  band  of  the  reflectance  stays  nearly 
constant  indicating  that  the  reflectivities  of  the  DBRs  are  not  effected. 
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Fig.  S  Schematic  of  the  growth  using  hi-bonded  patterned  backing  substrate 


Fig.  6  Cavity  mode  wavelength  vs  position  for  a  periodic  3  mm  backside  pattern. 
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Fig.  7  2D  contour  idiot  of  die  Fabry-Perot  mode  on  die  patterned  substrate. 
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Hg.  8  Reflectivity  spectra  at  four  different  positions  on  wafer. 
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We  have  demonstrated  a  novel  growth  technique  which  allows  us  to  fabricate  a  controlled 
periodic  thickness  gradient.  The  results  will  be  useful  for  fabricating  multi-wavelength  VCSEL 
arrays  and  optical  tapered  waveguides.  The  2D  multi-wavelength  VCSEL  array  can  play  a  major 
role  as  highly  cost-effective  WDM  transmitters  for  ultrahigh  bandwidth  optical  communications 
and  interconnects.  A  particular  promising  application  would  be  interconnecting  instmments  and 
computers  within  aircraft,  destroyers,  and  other  vehicles.  Commercial  applications  include 
computer  interconnects  and  multi-media  fiber  communications.  Tapered  waveguides,  on  the 
other  hand,  are  essential  for  fiber  coupling  with  in-plane  devices  to  improve  the  packaging  costs. 
The  technique  of  growing  cavities  above  the  gallium  desorption  temperature  and  spatially 
mapping  the  cavity  mode  can  also  be  used  as  a  tool  to  study  substrate  temperature  uniformity, 
since  the  measurement  is  sensitive  to  cavity  thickness  variations  of  less  than  1%, 

D.  FUTURE  DIRECTIONS 

We  will  be  experimenting  with  the  growth  conditions  and  the  parameters  of  the  patterns 
of  the  patterned  substrate  to  optimize  the  growth  of  the  graded  layer.  We  will  fabricate  multi¬ 
wavelength  VeSELs  with  the  periodically  graded  layer  in  the  cavity.  We  will  be  setting  up 
VCSEL  array  packaging  and  fiber  coupling  facilities.  Finally,  we  hope  to  demonstrate  WDM 
optical  interconnects  using  the  multi-wavelength  VCSEL  arrays. 
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